The uptake of phenol using kaolin and fuller's earth and the comparison of their effects with bentonite are investigated in this study. In addition, X-ray fluorescent, X-ray diffraction, and thermogravimetric analyzes were carried out to examine the characteristics of the three adsorbents. Adsorption of phenol as a function of pH level was also investigated. The points of zero charge for kaolin, fuller's earth, and bentonite were determined to be 5.9, 8, and 7.7, respectively. To study the adsorption kinetics and mechanisms, various kinetic models were explored. Two-parameter and three-parameter isotherm models were employed for equilibrium studies. The results showed that decreasing the pH value led to an increase in phenol uptake. The maximum removal efficiencies were 34.35%, 23%, and 42.63% for kaolin, fuller's earth, and bentonite, respectively, for 0.5 g of adsorbent and pH = 4.5. Phenol uptake on the three adsorbents can be expressed by pseudo-second order kinetics. Whereas the Freundlich isotherm suits the experimental data for adsorption onto bentonite and fuller's earth, the Temkin isotherm well suits the experimental data for uptake onto kaolin. The Fourier transform infrared and scanning electron microscope were used in the analysis of the adsorbents surface prior to and after the process of adsorption.
Introduction
Phenol is an organic compound that can be found in industrial wastewaters [1] . Since it is toxic and has the ability to accumulate in the environment, it is a high-priority concern [2] . When the concentration of phenol reaches between 10 and 24 mg l -1 , it can be toxic for humans [3] . Oil refineries, synthetic rubber, petrochemical, coal conversion, and other industries are among the main sources of high concentrations of phenolic compounds [1] . Thus, effluent from these sources can reach water courses and wastewater treatment plants. Phenol can cause several problems, as it is toxic to aquatic species and can inhibit the biological treatment processes in treatment plants [4, 5] . Numerous technologies have been investigated to eliminate phenol from wastewater, such as chemical oxidation, osmosis, ion exchange, electrochemical methods, membrane filtration, microbial fuel cells, precipitation, and coagulation [2, 6, 7] . However, these technologies have some issues, such as high cost, low efficiency, and toxic by-products [1, 8] .
The adsorption process is considered a suitable technology for wastewater treatment due to its simplicity, ease of operation, excellent performance, and safety for the environment [9, 10] . In the adsorption process, the pollutant is transferred from a liquid phase and is accumulated into a solid phase [11] . The most widely used adsorbent is activated carbon. It is efficient in removing various types of pollutants, such as heavy metals and toxic pollutants [9] . However, research has been focused on investigating other types of adsorbents due to the high cost, as activated carbon is formed from an expensive raw material [12] . Low cost adsorbents can be waste products, such as fly ash and sludges, or natural materials, such as clay, red mud, and chitosan [13] . Adsorbents from raw clay, such as kaolin, fuller's earth, and bentonite, have many advantages. They are low cost, abundant, and non-toxic to the environment and have excellent adsorption properties and a high specific surface area [14] . Kaolin, fuller's earth, and bentonite have shown excellent performance in adsorption of various pollutants, such as heavy metals, methylene blue, mercury, dyes, and other contaminants [15] [16] [17] [18] [19] .
Phenol uptake through adsorption has been investigated using activated carbon, functional chitosan, silica gel, activated alumina, and other adsorbents [20] [21] [22] [23] [24] . The processing cost of large-scale phenol removal will increase when using carbonaceous adsorbents or modified natural minerals [25] . As a result, it is essential to examine the ability of phenol uptake using unmodified natural adsorbents as an alternative to high-cost technology [24] . To the best of our knowledge, no report has been presented on the adsorption of phenol from effluents using kaolin and fuller's earth. Thus, this study was performed to examine the ability of both kaolin and fuller's earth to remove phenol from wastewater via adsorption and to compare the performance of each with bentonite. The exploration of the experimental data from the adsorption procedure was conducted by fitting the data to the pseudo-first order (PFO) and pseudo-second order (PSO), with Elovichs' equation, the intra-particle diffusion model, and the Boyd kinetic model in determining the kinetics and mechanisms of adsorption. After that, suitable isotherms to express the adsorption of phenol onto the three adsorbents were determined by fitting the equilibrium data to various two-parameter and three-parameter isotherm models.
Materials and methods

Properties of wastewater and natural adsorbents
A certain amount of phenol (LobaChemie, India) was dissolved into distilled water to prepare synthetic wastewater with the required concentration. Three adsorbents were examined: kaolin (K), fuller's earth (F), and bentonite (B) (LobaChemie, India). The values of the specific surface area for kaolin, fuller's earth, and bentonite were 53, 40, and 63 m 2 g -1 , respectively. The element constituents in the three adsorbents were determined using X-ray fluorescence (XRF) spectrometry as shown in Table 1 . The analysis showed that silicon dioxide is the predominant constituent in kaolin, fuller's earth, and bentonite, and the percentages are 63.68%, 52.32%, and 50.32%, respectively. The second predominant constituent is aluminum oxide in kaolin (29.26%), magnesium oxide in fuller's earth (10.30%), and aluminum oxide in bentonite (20.64%). The three adsorbents were investigated through X-ray diffraction (XRD) patterns using X'Pert PRO with Monochromator with Cu-radiation as shown in Figs. 1(a)-(c) . Parameter calculations were performed at 45 kV and 35 mA, and the peaks of reflection were obtained using a 0.03° sec -1 scanning rate at 2 θ between 2° and 60°. From the XRD spectra, it was demonstrated that there are regular crystalline planes to reflect X-rays. The XRD spectra revealed that the three adsorbents consist of natural clay minerals besides a few impurities. Kaolin, fuller's earth, and bentonite show several reflection peaks, and the presence of pyrophyllite, palygorskite, and montmorillonite, respectively. These minerals are consistent with XRF analysis. Since peaks are present, the three adsorbents are of crystalline nature. Thermogravimetric analysis (TGA) was used to investigate the thermal stability of the three adsorbents as shown in Fig. 1(d) . The TGA thermal analyzer (TGA-50H) was operated with a heating rate of 20°C min -1 , and a flow rate of nitrogen atmosphere of 20 mL min -1 . For kaolin, there is a smooth small mass loss. The mass loss at 700°C was around 2.65%. For fuller's earth and bentonite, there are two main mass loss steps: the initial step occurred at temperatures up to 160°C, and the second step occurred at the temperature range of 160°C-700°C. The initial step corresponded to a mass loss of up to 10.5%. This mass loss is credited to the desorption of the adsorbed water [26] . On the other hand, the second step corresponded to a mass loss of up to 19.5% for fuller's earth, and of up to 16.5% for bentonite. This mass loss is credited to the decomposition of fuller's earth and bentonite [10, 27] . Comparing the degradation of kaolin to the thermal degradation of fuller's earth and bentonite, fuller's earth and bentonite have faster mass loss. The pH drift method was used to determine the point of zero charge according to procedures explained elsewhere [28, 29] . The points of zero charge (pH pzc ) for kaolin, fuller's earth, and bentonite were 5.9, 8, and 7.7, respectively, as shown in Fig. 1 (e).
Experiment setup and operating procedures
Adsorption experiments were performed using the batch experimental approach at 20°C ± 2°C. At three dissimilar pH values (4.5, 7.0, and 9.5), a certain mass of either adsorbent was shaken with 30 ml of aqueous solution of phenol in flasks at 100 rpm. Either 0.1 N of diluted hydrochloric acid (HCl) or 0.1 N of diluted sodium hydroxide (NaOH) was used to adjust the pH. For each withdrawn sample, a 0.45-micron filter paper (Whatman no. 1) was used to filter it. All the kinetic experiments were performed at an optimum pH. Equilibrium studies were performed by adding various adsorbent doses (0.5-5 g) to a 30 ml solution of phenol of known concentration. After that, samples were shaken to determine the equilibrium condition. Quantitative determination of phenol was done using the digital photometer NANOCOLOR® 500 D (MACHEREY-NAGEL). The photometric determination method was used with diazotized 4-nitroaniline at a wavelength of 470 nm. Control experiments, with no added adsorbents, were performed side by side with adsorption experiments to verify phenol stability during the experiments. To determine the change in fingerprint before and after adsorption for the three adsorbents, Fourier transform infrared (FTIR) spectroscopy was conducted. A scanning electron microscope (SEM) was used to examine the morphology of the three adsorbents before and after the phenol uptake. 
Results and discussion
Effect of initial pH on phenol removal
The initial pH value influences adsorption. To achieve the optimum pH for phenol adsorption for all three adsorbents, the removal of phenol as a function of pH was analyzed. Fig. 2 shows that the efficiency of phenol removal dropped with the rising pH value. The maximum removal efficiencies were 34.35%, 23% and 42.63% for kaolin, fuller's earth, and bentonite, respectively, for an adsorbent mass of 0.5 g at pH = 4.5 at an initial concentration of phenol of 150 mg l -1 . Owing to its capacity to behave like a weak acid, phenol will dissociate, as illustrated in Eq. (1). The surface of the adsorbent will be charged positively until pH < pH pzc [30, 31] . The surface of the adsorbent in alkaline solution will be charged negatively, while a shift of the equilibrium equation will take place to the right. For that reason, a decline in the adsorption will occur since repulsion forces of comparable charges exist [19] . The surface of the adsorbent will be charged positively in an acidic solution [31] . Because there will be a shift to the left for the equilibrium equation in acidic solution, the phenol adsorption will take place through dipole-dipole interaction, whereby the negatively charged phenol hydroxyl group will interact with the positively charged functional group on the surface of the adsorbent [10] . Therefore, the phenol adsorption would have a higher stronger interaction with the adsorbents, and thus, a higher uptake at low pH values. 
Kinetics studies
After pre-set time intervals of 5 min for a period of 24 h, flasks were progressively withdrawn from the shaker for the kinetic experiments. Then, the concentration of phenol was determined for each sample after filtration [32] . A mass balance relationship was used to determine q t (mg g -1 ), which is the amount of phenol adsorbed onto the adsorbents at each time, as shown in Eq. (2):
where the initial liquid-phase phenol concentration is represented by C 0 (mg l -1
), the liquid-phase phenol concentration at time t (min) is represented by C t (mg l -1 ), the solution volume (l) is represented by V, and the adsorbent mass (g) is represented by W. Various models were assessed to investigate phenol adsorption kinetics. These models were the PFO, PSO, and Elovich's equation [33] [34] [35] . The three models can be expressed as shown in the following equations (Eqs. (4-6) 
where the PFO and PSO rate constants are represented by k 1 (min -1 ) and k 2 (mg g -1 .min) respectively, the amount of phenol adsorbed at equilibrium is represented by q e , the initial rate constant is represented by α (mg g -1 .min), and the desorption constant for any single experiment is represented by β (mg g -1 ). [10] . To make the aforementioned equations linear, ln(q e -q t ) against time was plotted for the PFO expression, t/q t against time was plotted for the PSO expression, and q t against lnt was plotted for Elovich's equation as illustrated in Figs. 3(a)-(c) . In all cases, the calculations of the resultant correlation coefficients (R 2 ) were calculated. The results of the experiment best suit the PSO for kaolin (R 2 = 0.9844), fuller's earth (R 2 = 0.9933), and bentonite (R 2 = 0.9982). This implies that the adsorption of phenol onto the three natural adsorbents is capable of being properly estimated by the PSO kinetic model. Furthermore, K 2 and q e were found to be 0.0627 g mg -1 .min and 0.434 mg g .min and 0.5446 mg g -1 for bentonite, respectively.
Adsorption mechanisms
In the adsorption process, it is not possible for the aforementioned kinetic models to depict the diffusion mechanism and rate-controlling steps [36] . It is important to note that the three consecutive steps can occur during the adsorption process as follows [37] : (i) Film diffusion whereby the phenol moves from the bulk solution to the clay's outer surface, (ii) Particle diffusion whereby the phenol migrates via the interior of the clay particles, (iii) Phenol uptake on the clay's interior surface.
An intra-particle diffusion model was explored to demonstrate the adsorption mechanism [38] . The following equation (Eq. (6)) can be used to determine the intra-particle diffusion model:
where the intra-particle diffusion model rate constant is represented by k p (mg g -1
. min 0.5 ) and the constant associated with the boundary layer thickness is represented by C (mg g -1 ) [39] . Fig. 3(d) displays the plot of phenol uptake against t 1/2 for the three adsorbents. It is possible to divide the plots for phenol uptake onto the three adsorbents into two linear portions. This is a sign of a multistep mechanism influencing the adsorption process [39] . The surface adsorption or rapid external diffusion stage is the first part, while the gradual adsorption stage, which the intra-particle diffusion controls, is the second linear part [40] . The value K p was calculated and found to be 0.0068 mg g 
where the mathematical function q t /q e is represented by Bt. [10] . The value of Bt was determined at various contact times and was plotted versus time t as illustrated in Fig. 3(e) . As the plots are linear but do not pass through the origin for the three adsorbents, the adsorption of phenol is influenced by film diffusion [10] .
Equilibrium studies
To attain equilibrium, based on the kinetic results, the flasks were shaken for 24 h. The equilibrium phenol concentration was determined for each sample after filtration (C e , mg l -1 ). The following mass balance relationship was used to determine q e (mg g -1 ), which is the quantity of phenol adsorbed onto the adsorbents at the equilibrium as shown in Eq. (8):
Five various isotherms were tested using the adsorption equilibrium results. These isotherms were the Freundlich isotherm [42] , Langmuir isotherm [43] , Temkin isotherm [44] , Dubinin-Radushkevich isotherm [45] , and Redlich-Peterson isotherm [46] . The following equations (Eqs. (9-13) ) demonstrate the mathematical expression for each isotherm: represented by g (dimensionless) , and e is the Polanyi potential. Table 2 shows the values of R 2 corresponding to various equilibrium isotherms. Table 3 shows the results . There are certain assumptions about the adsorption occurrence that each isotherm possesses. The Temkin isotherm assumes that the adsorption heat decreases linearly with the surface coverage. In the Freundlich adsorption isotherm, adsorption occurrence onto a heterogeneous surface happens via several layers of adsorption mechanisms. Figs. 4(a)-(c) show the equilibrium and the calculated data of the best model. For comparison, the phenol adsorption capacities of reported adsorbents were given in Table 4 . The values of adsorption capacity obtained from this study were different than the values obtained from previous studies. This may be due to the difference in (1) the phenol initial concentration and (2) the values of the specific surface area. q e = 9.821 lnC e -42.099 (14) logq e = 9.538 logC e -19.38 (15) logq e = 5.022 logC e -9.1475 (16)
FTIR spectroscopy
The FTIR was applied in examining the alterations in the fingerprints for kaolin, fuller's earth, and bentonite due to phenol adsorption as shown in Figs. 5(a)-(c) , respectively. The FTIR spectra demonstrated a band between 800 and 1,200 cm -1 for the three natural adsorbents, ascribing to the Si-O stretching band [19] . The finger print region, ranging from 400 to 1,500 cm -1 , exhibits variations among the spectra of the three adsorbents before and following the adsorption occurrence. This difference is owed to the adsorption phenomena. Such a difference is substantiated using the manifestation of peaks between 3,000 and 3,600 cm -1 in the three adsorbents' spectra following the adsorption event, signifying the existence of the O-H group as a result of phenol adsorption.
Morphologies of kaolin, fuller's earth, and bentonite
Current research illustrates that surface morphology, along with chemical composition, have a considerable effect on adsorption capacity [25] . The SEM images of kaolin, fuller's earth, and bentonite prior to and following phenol adsorption are displayed in Fig. 6 . The SEM images for the three adsorbents display rough and irregular surfaces with porous openings prior to adsorption. Apart from fuller's earth, the porous openings disappeared at the end of experiments. This indicates the low removal efficiency of phenol using fuller's earth compared with both kaolin and bentonite. A pronounced change in the morphologies is revealed by the SEM images, confirming adsorption.
Conclusion
Three dissimilar adsorbents (kaolin, fuller's earth, and bentonite) were used to examine adsorption of phenol. The results revealed the dependence of adsorption on pH, and the increased phenol removal efficiency with a decreasing pH value. The PSO kinetics can be used to express the uptake of phenol onto the three adsorbents. The adsorption mechanism of phenol was controlled using a multistep mechanism as indicated by the intra-particle adsorption model. There is an indication via the Boyd kinetic model of the possibility of liquid-film diffusion involvement in the control of the phenol adsorption on the three adsorbents. Phenol uptake at equilibrium could be expressed by the Temkin isotherm for kaolin, and the Freundlich isotherm for both fuller's earth and bentonite. The results of the FTIR spectroscopy displayed changes in the fingerprint for the three adsorbents before and after the phenol uptake. The SEM images displayed porous openings in the three adsorbents before adsorption. The adsorption occurrence was confirmed by the change in adsorbent morphologies.
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